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We propose and experimentally investigate a scheme for narrow-line cooling of KRb molecules
in the rovibrational ground state. We show that the spin-forbidden X1Σ+ → b3Π0+ transition
of KRb is ideal for realizing narrow-line laser cooling of molecules because it has highly diagonal
Franck-Condon factors and narrow linewidth. In order to confirm the prediction, we performed the
optical and microwave spectroscopy of ultracold 41K87Rb molecules, and determined the linewidth
(2pi× 4.9(4) kHz) and Franck-Condon factors for the X1Σ+(v′′ = 0) → b3Π0+(v
′ = 0) transition
(0.9474(1)). This result opens the door towards all-optical production of polar molecules at sub-
microkelvin temperatures.
PACS numbers: 33.40.+f, 33.20.Vq, 37.10.Mn
Recently, significant progress has been made in the
field of cold molecules. Innovative ideas are implemented
one after another, making cold molecules an attractive
new tool to test fundamental physics [1–3]. However, in
spite of serious efforts by many groups, a quantum de-
generate gas of polar molecules remains an elusive goal.
The JILA group got closest to this goal by combining
magneto-association with stimulated Raman adiabatic
passage (STIRAP); they reached a phase-space density
of the order of 0.1 [4]. In that experiment, they were
limited by the magneto-association efficiency, which was
determined by the density overlap of the rubidium and
potassium clouds [5].
Motivated by this situation, we studied the possibility
of laser cooling bi-alkali-metal molecules in the rovibra-
tional ground state. Typically, laser cooling molecules
is difficult because molecules have vibrational and ro-
tational degrees of freedom. Recently, however, several
groups succeeded in laser cooling molecules by selecting
special types of molecules (such as SrF [6], YO [7], and
CaF [8]) and constructing a quasicycling transition with
minimal increase in laser complexity. The solution to the
problem was to find an optical transition with highly di-
agonal Franck-Condon factors [9]. We observed such a
transition in KRb — one of the most popular species in
the field of cold molecules. We claim that the intercombi-
nation transition X1Σ+ → b3Π0+ of KRb is ideal for re-
alizing narrow-line cooling of the ground-state molecule
because it has (i) highly diagonal Franck-Condon fac-
tors, (ii) a narrow linewidth, and (iii) negligible leakage
to other (i.e., triplet) ground states. To test our expec-
tations, we experimentally investigated the rovibrational
spectrum of ultracold 41K87Rb molecules by using STI-
RAP and RF spectroscopy. From the experimental data,
we determined the natural linewidth of b3Π0+(v
′ = 0) to
be Γ = 2pi × 4.9(4) kHz while the Franck-Condon fac-
tor for the X1Σ+(v′′ = 0) → b3Π0+(v
′ = 0) transition
is 0.9474(1). Based on these values, we conclude that
41K87Rb is an ideal system for sub-microkelvin three-
FIG. 1: (Color online) Potential energy curves for KRb [11].
The curves for X1Σ+ and b3Π states are quite similar (high-
lighted in red), indicating highly diagonal Franck-Condon fac-
tors for transitions between these two states. The decay of
the v′ = 0 level of the b3Π0+ state into the a
3Σ+ state is
strongly suppressed because of the extremely small transition
dipole moments [12].
dimensional laser cooling of molecules. By combining
this narrow-line cooling with photoassociation and STI-
RAP, cooling of polar molecules to the sub-microkelvin
temperatures is possible in an all-optical manner [10].
Figure 1 shows the potential energy curve of KRb as
a function of internuclear separation. The potential en-
ergy curves of X1Σ+ and b3Π look surprisingly similar,
which signifies highly diagonal Franck-Condon factors for
X1Σ+ → b3Π0+ transitions. Furthermore, radiative de-
cay from b3Π0+(v
′ = 0) into the dissociative continuum
of the a3Σ+ triplet ground state is negligibly small be-
cause of the extremely small electronic transition dipole
moment of the a3Σ+-b3Π0+ transition for short internu-
clear distances (∼ 0.006 ea0, where a0 is the Bohr radius)
[12, 13]. The calculated decay rate of the v′ = 0 level of
the b3Π0+ to a
3Σ+ is of the order of 1 Hz, which is negli-
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FIG. 2: (Color online) (a) Schematic of double-resonance
spectroscopy for locating |X, 0〉-|b, 0〉 transition. The Stark
shift induced by a laser beam close to the |X, 0〉-|b, 0〉 tran-
sition was detected by the microwave transition between the
rotational levels in the |X, 0〉 state. (b) Observed Stark shifts.
The measured Stark shifts showed a dispersive feature char-
acteristic of ac-Stark shifts. The solid curve is a fit to the
data for extracting resonance frequencies.
gibly small compared with the expected linewidth of the
b3Π0+(v
′ = 0) state (a few kHz [14]).
To test our prediction, we performed an experiment
involving ultracold KRb molecules. Our experimental
procedure for producing KRb molecules in the rovibra-
tional ground state is described in detail in Ref. [10]. In
brief, KRb molecules in the X1Σ+(v = 91, J = 0) state
(or |X, 91, 0〉 state, for short) were made by photoasso-
ciation in a magneto-optical trap (MOT) of 87Rb and
41K atoms. Next, the molecules in |X, 91, 0〉 were trans-
ferred to the |X, 0, 0〉 state by STIRAP via the interme-
diate state |(3)1Σ+, 41, 1〉 by using two lasers of wave-
length 875 and 641 nm. By using 5 ns pulses from a tun-
able dye laser and a micro-channel plate, molecules were
selectively observed based in their vibrational state by
resonance-enhanced multi-photon ionization (REMPI)
To date, the X1Σ+(v′′ = 0) → b3Π0+(v
′ = 0) tran-
sition (or |X, 0〉-|b, 0〉 transition, for short) of KRb has
not been observed. The transition wavelengths predicted
by ab initio calculations range from 1026.4 to 1036.9 nm
[11, 14–16], which is 9 orders of magnitude larger than
the expected natural linewidth. To overcome this uncer-
tainty, we looked for a dispersive signal rather than an ab-
sorptive signal because the signal falls off as 1/∆ instead
of 1/∆2 (where ∆ is the detuning from resonance). We
monitored the microwave transition frequency between
rotational levels (|X, 0, 0〉 and |X, 0, 1〉), and looked for
the ac-Stark shift induced by near-resonant light (Fig.
2(a)). By using this method, we obsereved 3 transi-
tions |X, 0〉-|b, 0〉, |X, 0〉-|b, 1〉, and |X, 0〉-|b3Π1, 0〉 with
clearly resolved rotational structures (Fig. 2(b)). Their
transition wavelengths without rotational energies are
1028.7397(7), 1020.9746(7), and 1022.6870(7) nm, re-
spectively, where the accuracies were limited only by the
accuracy of our wavemeter.
We determined the natural linewidth and Doppler
broadening of the |X, 0〉-|b, 0〉 transition by directly excit-
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FIG. 3: (Color online) (a) Schematic of optical pumping spec-
troscopy of |b, 0, 1〉 state (see text). The branching ratios from
|b, 0, 1〉 were calculated using the Ho¨nl-London and Franck-
Condon factors. Most of the molecules in the |X, 0, 0〉 state
were optically pumped into the |X, 0, 2〉 state by the 1028.7 nm
laser which was resonant with the transition between |X, 0, 0〉
and |b, 0, 1〉. Subsequently, molecules in |X, 0, 2〉 were selec-
tively detected by resonance-enhanced multiphoton ionization
(REMPI) based on their rotational state [18]. (b) Measure-
ment of time constant of optical pumping in saturated regime.
Ion counts of the molecules in |X, 0, 2〉 were measured as a
function of the pulse width of the optical pumping laser. The
measured time constant for optical pumping (95(7) µs) was
converted into the lifetime of |b, 0, 1〉 (32.5(24) µs) by using
branching ratios shown in panel (a).
ing molecules with a narrow-linewidth laser [17]. Figure
3(a) shows a schematic of the experiment. Because of
the almost diagonal Franck-Condon factors, the excita-
tion optically pumped molecules into different rotational
states (in this case, mostly to |X, 0, 2〉). The number of
molecules in |X, 0, 2〉 was detected by REMPI, which is
sensitive to the rotational state [18]. First, we saturated
the transition by using a laser beam with an intensity 3
orders of magnitude greater than the saturation inten-
sity. Here, power broadening of the transition was larger
than the hyperfine splitting in the ground state, which
was ∼ 2pi × 5 kHz for |X, 0, 0〉 [19, 20]. From the optical
pumping time constant (Fig. 3(b)) and the branching
ratios (Fig. 3(a)), we obtained the lifetime and natural
linewidth of |b, 0, 1〉 state; 32.5(24) µs and 2pi× 4.9(4)
kHz, respectively. Second, we measured the molecule
temperature by observing the optical pumping spectrum
in the nonsaturating regime. The typical temperature
and mean velocity were 130 µK and 130 mm/s, respec-
tively. This velocity is about 43 times the recoil velocity
of the |X, 0〉-|b, 0〉 transition.
Franck-Condon factors are sensitive to rotational con-
3TABLE I: Experimentally obtained rotational and vibrational
energies for molecular potentials of X1Σ+ and b3Π0+ . E(v =
1) − E(v = 0) is the energy difference between v = 0(J = 0)
and v = 1(J = 0) states. The accuracy was limited by the
accuracy of our wave meter. B is the rotational constant
whose accuracy is determined by the signal-to-noise ratio of
the spectrum.
X1Σ+ b3Π0+
E(v = 1)− E(v = 0) (cm−1) 73.845(3) 73.936(3)
B(v = 0) (MHz) 1095.3772(1) 1118.37(1)
B(v = 1) (MHz) 1091.93(1) 1116.26(1)
TABLE II: Obtained parameters for molecular potentials of
X1Σ+ and b3Π0+ . Similarity between two potentials can be
seen in values of a2, a3, and r0 (see text).
X1Σ+ b3Π0+
a2 (cm
−1 A˚−2) 2286.3(2) 2279.2(2)
a3 (cm
−1 A˚−3) -1133.5(8) -906.5(1.5)
r0 (A˚) 4.067792(5) 4.02698(2)
V0 (cm
−1) 0 9720.531(3)
stants because both are directly related to the equilib-
rium internuclear distance. To exploit this, we performed
detailed analysis of |b, 0, 0〉, |b, 0, 1〉, |b, 1, 0〉, and |b, 1, 1〉
states by acquiring hyperfine-resolved optical pumping
spectra (Fig. 4). We assigned the hyperfine structures
based on the Hamiltonian discussed in Refs. [19, 20],
which describes the interactions between two atomic nu-
clear spins and the rotation of diatomic molecules [21].
The potential energy curve for a ground-state molecule
was also refined by using STIRAP spectra of |X, 1, 0〉 and
|X, 1, 2〉 states.
From the spectra, we determined vibrational and ro-
tational energies (Table I). The X-state values agree well
with the predictions of Ref. [22]. To calculate the
Franck-Condon factors, we determined the potential en-
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FIG. 4: (Color online) Spectrum of |b, 0, 1〉 state obtained by
optical pumping as described in Fig. 3(a). The horizontal
axis shows the frequency of the optical pumping laser relative
to the left most signal. The hyperfine structure of |b, 0, 1〉 was
observed.
ergy curves of X and b states. We assumed that the
potential energy curves in the low energy region of X
and b states could be written as
V (r) =
nmax∑
n=2
an(r − r0)
n + V0 (1)
where r is the internuclear distance. Setting nmax = 3
and fitting these curves to the experimental data, we de-
termined a2, a3, r0 and V0 for X and b states (see Table
II) [23]. Because the difference in equilibrium distance
between X and b states (∼4.1 pm) is much smaller than
the harmonic oscillator lengths for both potentials (∼80
pm), the Franck-Condon factors between these states
are highly diagonal. Using the obtained potential en-
ergy curves, we determined the Franck-Condon factors
of|X, 0〉-|b, 0〉, |X, 1〉-|b, 0〉, and |X, v ≥ 2〉-|b, 0〉 transi-
tions to be 0.9474(1), 0.0500(1), and 2.60(1)× 10−3, re-
spectively (Fig. 5).
We now discuss using the X1Σ+ → b3Π0+ transi-
tion for realizing narrow-line cooling of KRb molecules.
The proposed scheme is as follows; Ground-state KRb
molecules at a few hundred microkelvin are prepared by
photoassociation in a dual-species MOT followed by STI-
RAP. The cooling beam is red-detuned from the |X, 0, 1〉-
|b, 0, 0〉 transition, whereas the repumping beam is reso-
nant with the |X, 1, 1〉-|b, 0, 0〉 transition. Both beams ir-
radiate molecules from all 6 directions. Because the cool-
ing beam is red detuned, molecules should predominantly
scatter photons from the counter-propagating beam, and
therefore be slowed down. Actual spectra of the cooling
and repumping beams have to be optimized both for ac-
cessing all the hyperfine states and increasing the ranges
of the capture velocity.
Several necessary conditions must be satisfied for cool-
ing the molecules. First, the cooling transition should be
highly closed. From the experimentally obtained Franck-
Condon factor, KRb molecules can scatter ∼ 1/2.60(1)×
10−3 ∼ 400 photons before being pumped into other vi-
brational levels. This number is sufficiently large for cap-
turing molecules in this setup because the mean velocity
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FIG. 5: (Color online) Franck-Condon factors and natu-
ral linewidth for X1Σ+-b3Π0+ transitions. A cooling laser
|X, 0, 1〉-|b, 0, 0〉 and repumping laser |X, 1, 1〉-|b, 0, 0〉 can
form a highly closed cooling transition.
4of the initial cloud was ∼ 43 times the recoil velocity.
Second, the dark Zeeman substates, which are in-
evitably formed in this (J ′′ = 1 → J ′ = 0) type of
rotationally closed transition, should be eliminated. As
described in Ref. [24], these dark states can be mixed
with bright states by applying a proper magnetic field
such that the Larmor precession frequency in the ground
state nearly equals the natural linewidth of the cooling
transition. For the 41K87Rb molecule, this condition can
be fulfilled by a magnetic field of about 4 G, which is
easy to use in the experiment.
Finally, the cooling transition should be sufficiently
strong. The natural linewidth obtained for the X1Σ+ →
b3Π0+ transition is 2pi × 4.9(4) kHz; therefore the ther-
mal expansion of the molecular cloud during the laser
cooling (∼ 6 ms [25]) is estimated to be only ∼ 1 mm. In
addition, the maximum acceleration for this transition,
which is ∼ 22 m/s2 (=~kΓ/4m, where m is the mass of
the molecule), is more than twice the acceleration due to
gravity.
From the above considerations, we conclude that three-
dimensional laser cooling can be achieved by this system.
Three-dimensional MOT is also a possible extension [7].
Because the natural linewidth of the cooling transition
is comparable to its recoil frequency (2pi × 1.5 kHz), the
laser cooling to the recoil temperature (140 nK) can be
realized, as was successfully performed with strontium
atoms [26].
In summary, we investigated the optical transitions
between the low-lying vibrational states of X1Σ+ and
b3Π0+ states for KRb molecule and determined its nat-
ural linewidth and Franck-Condon factors. These re-
sults suggest a novel all-optical scheme for producing sub-
microkelvin molecules, where molecules formed by pho-
toassociation (and STIRAP) are cooled to the photon re-
coil temperature by three-dimensional laser cooling using
|X, 0, 1〉-|b, 0, 0〉 and |X, 1, 1〉-|b, 0, 0〉 transitions. Because
alkali-metal dimers have similar properties, this scheme is
applicable to not only other isotopic KRb molecules but
also other homo and heteronuclear alkali-metal-dimers.
Because this scheme allows sub-microkelvin molecules to
be rapidly produced, it could prove a powerful method
for molecular precision spectroscopies. Furthermore, op-
tically trapping molecules cooled by this scheme can be a
novel strategy for realizing a quantum degenerate molec-
ular gas.
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